The decrease in the number of CD4 ϩ T cells during HIV infection is the result of both peripheral destruction of cells by the virus and inadequate replacement of these cells. Aging and HIV infection lead to lower production of new T cells by the thymus, and, therefore, a complete restoration of the immune system is not generally achieved in infected adults after antiretroviral therapy. Because children have a completely functional thymus, we addressed the effects of HIV-1 infection on the production of new T cells in vertically infected children and whether the decrease of viral load after therapy results in a restoration of thymic function. To analyze the thymic function, T-cell receptor rearrangement excision circles were measured by quantitative PCR. Our results indicate that HIV-infected children have lower T-cell receptor rearrangement excision circle levels than age-matched uninfected children, likely due to an inhibitory effect of HIV on thymic function. Additionally, in some patients, the decrease in viral load after retroviral therapy allows the generation of new T cells by the thymus, thus recovering the normal number of CD4 cells. 
The decrease in the number of CD4 ϩ T cells during HIV infection is the result of both peripheral destruction of cells by the virus and inadequate replacement of these cells. Aging and HIV infection lead to lower production of new T cells by the thymus, and, therefore, a complete restoration of the immune system is not generally achieved in infected adults after antiretroviral therapy. Because children have a completely functional thymus, we addressed the effects of HIV-1 infection on the production of new T cells in vertically infected children and whether the decrease of viral load after therapy results in a restoration of thymic function. To analyze the thymic function, T-cell receptor rearrangement excision circles were measured by quantitative PCR. Our results indicate that HIV-infected children have lower T-cell receptor rearrangement excision circle levels than age-matched uninfected children, likely due to an inhibitory effect of HIV on thymic function. Additionally, in some patients, the decrease in viral load after retroviral therapy allows the generation of new T cells by the thymus, thus recovering the normal number of CD4 cells. 
Depletion of CD4
ϩ T cells is a hallmark of HIV infection (1) . Experiments using human fetal thymus tissue implanted into SCID mice demonstrated that HIV can infect human thymocytes, leading to their death (2, 3) . Therefore, the decrease in CD4 ϩ T cells in HIV-infected persons would be the result of two factors: peripheral CD4 ϩ T-cell depletion by the virus and insufficient replacement of the destroyed T cells (1) .
The thymus, the organ responsible for the maturation and selection of T cells, undergoes involution with age. It retains, however, a reduced ability to produce new T cells in adults (4) . This thymic involution with age could be responsible for the rapid progression of HIV infection in older adults because of the difficulty of generating new T cells to replace CD4 ϩ T cells destroyed by the virus (5). In contrast, children have complete thymic function and, therefore, they have the capacity to regenerate all of the T-cell clones lost due to HIV infection, leading to a complete reconstitution of the immune system. Because T cells can have a very long life span, it is difficult to discriminate whether the "naive" T cells present in an individual are recently produced by the thymus or whether they arose from the division of cells formed in the first stages of life. Recently, Douek et al. (4) developed an assay that allows discrimination of the T cells of recent formation in the thymus from those of periphery expansion. This new assay was based on the mechanism by which the repertoire of the TCR is generated. In the genetic rearrangement of the regions V, D, and J that produce the ␣␤ TCR (6), the deletion of the TCRD locus forms some circles of DNA-denominated signal joint TREC (7, 8) . These circles are episomal and do not replicate during mitosis. Thus, TREC will be present only in recently produced cells by the thymus and not in those derived from the division or differentiation of older T cells. Moreover, the TREC only appears in the cells formed in the thymus and it is quite unlikely that extrathymic T differentiation can contribute to their generation (4) . Therefore, the TREC constitute an excellent marker of recently emigrated T cells from the thymus.
Using this marker of thymic function, we have analyzed the effect of HIV infection in the production of new T cells by the thymus in children. Additionally, we have tested whether the decrease in VL after ART induces a recovery in thymic function in HIV-infected children.
PATIENTS AND METHODS

Patients.
A longitudinal study in eight HIV-infected children born to HIV-infected mothers was carried out at the Department of Immunopediatrics of the General University Hospital "Gregorio Marañón" in Madrid, Spain, between February 1995 and February 2000. Children were diagnosed as HIV-1 infected on the basis of positive results in both DNA PCR and virus culture assays, as previously described (9), and none were breast-fed. Five out of the eight HIV-infected children were studied from birth and were compared with 15 age-matched uninfected children born to HIV-infected mothers as a control group. The remaining three HIV-infected children were enrolled in the study from their first admission to the hospital (mean age at entry 18.6 Ϯ 8 mo). All infected children were treated with combination therapy consisting of combinations of two nucleoside reverse transcriptase inhibitors with or without the addition of a non-nucleoside reverse transcriptase inhibitor and/or a protease inhibitor. The treatment was prescribed by the treating physician according to Centers for Disease Control and Prevention guidelines (10) and upon obtaining written informed consent from parents or legal guardians. The antiretroviral regimens were chosen on the basis of prior treatment history and were altered, as necessary, in response to incomplete virus suppression or undesirable side effects. The study was conducted according to the Declaration of Helsinki, and approved by the ethical committee of the hospital.
VL and T-cell subsets. VL was measured in 200 L plasma using a quantitative reverse PCR assay (Amplicor Monitor, Roche Diagnostics, Basel, Switzerland), with a sensitivity of 400 RNA copies/mL. T-lymphocyte subsets in peripheral blood were quantified by direct immunofluorescence using MAb of the T series and flow cytometry (FACScan, BD Biosciences, San Jose, CA, U.S.A.), as previously described (9) .
The measurements of VL and percentages of CD4 ϩ and CD8 ϩ lymphocytes in the HIV-infected children were performed every 2-3 mo from the birth to the end of the study.
Measurement of thymic function. TREC levels were determined in the infected children every 2-3 mo from birth to the end of the study. In the control subjects, TREC were measured every 2-3 mo from birth to the age of 15 mo.
TREC values were determined PBMC obtained from venous blood by density gradient separation using Ficoll-Hypaque (Amersham Pharmacia Biotech, Uppsala, Sweden). PBMC were then washed twice and resuspended in RPMI 1640 (Seromed, Biochrom, Berlin, Germany) medium supplemented with 10% FCS, 2 mM L-glutamine (Flow Laboratories, Irving, U.K.), 100 IU/mL penicillin and 100 g/mL streptomycin (Invitrogen, Paisley, Scotland, U.K.). PBMC (10 6 /100 L) were lysed by incubation with 100 g/mL proteinase K (Roche Molecular Biochemicals, Barcelona, Spain) for 2 h at 56°C and then for 15 min at 95°C. TREC were quantified in 5 L of cell lysate (equivalent to 50,000 cells) by real-time quantitative PCR with a Lightcycler system (Roche Diagnostics, Mannheim, Germany). We used the hybridation probes assay that consists of one probe labeled at the 5'-end with a red fluorophore and, to avoid extension, modified at the 3'-end by phosphorylation: LC Red 640-TCACGAGTTGCAATGA-CAAGTTCAGCC-p; and a second probe labeled at the 3'-end with fluorescein: GCCCTGTCTGCTCTTCATTCACCGT-FL (TIB Molbiol, Berlin, Germany). The primers were CACATC-CCTTTCAACCATGCT and CCCAGGATGGAAAACA-CAGTG and the PCR reactions contained FastStart DNA Master Hybridation Probes (Roche Diagnostics), 3.5 mM MgCl 2 , 0.5 M of each primer, and 0.2 M of each probe. Conditions were 95°C for 10 min, followed by 95°C, 60°C, and 72°C, each for 20 s, for 45 cycles. A standard curve was made using the pZero Blunt plasmid (Invitrogen, Carslbad, CA) that includes a fragment of 375 bp of the TREC sequence supplied by D. Douek (4) . Serial dilutions of the plasmid were amplified with the samples and a standard curve was plotted to extrapolate the number of TREC. Samples were analyzed in duplicates or triplicates, which never varied by more than 10% from each other, and the result was averaged. A ␤-globin control PCR was performed to verify that all the samples had the same DNA content. All samples from each child were measured in the same assay to avoid interassay variations.
Statistical analysis. Mean Ϯ SE was calculated for the seronegative healthy children. The comparison between the TREC levels in HIV-infected and HIV-uninfected groups was made using the Mann-Whitney U test, because the number of samples was low in some patients and was not the same for each patient. The correlation between variables was determined using Pearson's correlation coefficient, which describes the linear relationship between two variables.
RESULTS
The effects of HIV infection on the production of new T cells and percentage of CD4 were analyzed during the first 15 mo of life. Five vertically HIV-infected children were studied to determine TREC values and percentage of CD4 in a total of 23 samples at different ages, and the results were compared with the values obtained from 15 age-matched healthy children. The results, shown in Figure 1 , indicate that the TREC content (p Ͻ 0.01) and CD4 percentages (p Ͻ 0.001) were lower in HIV-infected children than in uninfected controls.
Next, we analyzed the effect of the ART on TREC values in the eight HIV-infected children, and how these values correlated with VL and percentages of CD4 ϩ and CD8 ϩ T cells. The start of a new treatment is represented in the figures as a vertical line. There was not a statistically significant correlation between TREC values and VL. Thus, despite an almost complete reduction of VL levels (but always remaining Ͼ400 copies/mL) in these children after ART, no significant variation in TREC was found. However, in some children (patients 1, 2, and 4), the dramatic decreases in VL after initiation or change of ART were followed by a marked increase in the TREC levels, and, conversely, the increases in VL after therapeutic failure were followed by a decrease in TREC values (Fig. 2) .
The correlation between ART, VL, TREC, and CD4 T cells follows two different patterns (Figs. 2 and 3) . Some infected children responded adequately to the treatment after the start or 208 switching of ART, with a decrease in VL and a marked increase in percentage of CD4 (mo 9 in patient 1, mo 29 in patient 2, mo 41 in patient 8). The children whose CD4 levels increased were those who previously showed low CD4 values (Ͻ20%), and, interestingly, the increase in CD4 was always accompanied by a concomitant increase in TREC (Fig. 3) . The remaining children were those having CD4 values Ͼ25%, and, even though ART led to a decrease in VL, no significant changes in TREC and percentage of CD4 were observed. Statistical analysis supports this observation showing a significant correlation between TREC and percentage of CD4 for patients 1 (p ϭ 0.020) and 2 (p ϭ 0.005), whereas the remaining children did not show any significant correlation (p Ͼ 0.05). In addition, in some instances, the decreases in percentage of CD4 coincide with a decrease in TREC levels, which in turn were associated with high VL.
Finally, TREC and percentage of CD8 T cells were compared. There was not a significant correlation between these variables (p Ͼ 0.05) (data not shown).
DISCUSSION
In HIV-infected children, peripheral T cells destroyed by the viral infection may be replaced by naive T cells newly generated from the thymus, which would allow for replacement of lost T cells, or by the peripheral expansion of naive and memory T cells (11) . However, HIV can also infect and destroy human thymocytes (2, 3) , thus jeopardizing the capacity of regeneration of new T cells. These effects will be more easily detected in HIV-infected children because they maintain complete thymic functionality compared with adults. Our preliminary results support this, showing that TREC levels in HIV-infected children were lower than those found in healthy children during the first 15 mo of life. This fact could contribute, in part, to the lower percentage of CD4 observed from the birth in the HIV-infected children. Previous results in adults have also found lower TREC values in HIV-infected patients (4, 12) . These data suggest a direct effect of HIV on thymic function, which leads to a decrease in the production of new T cells. An alternative explanation of this fact would be an increase in peripheral T-cell expansion (i.e. CD8 ϩ T cells) (13, 14) that would dilute the number of TREC in PBMC. However, in children with functional thymus, a high production of new T cells exists, and an inhibition of thymic function by HIV will likely have a stronger effect on the TREC levels than changes in peripheral T-cell division rates.
A recent study has also found that, in HIV-infected children, the TREC levels measured in both CD4 ϩ and CD8 ϩ subsets were lower than those found in control children (14) . In that study, changes in the expansion of peripheral CD8 ϩ T cells did not affect the TREC levels in CD4 ϩ subset, confirming a lower production of new T cells in HIV-infected children.
Despite of the inhibitory effect of HIV on thymic function, we found no correlation between TREC and VL. However, in children with percentage of CD4 Ͻ20%, usually associated with higher VL, the decrease in VL effected by ART led to a marked increase in both CD4 and TREC. This may reflect a homeostatic mechanism that increases the production of new T cells only when the CD4 values are very low, and not when the CD4 values are adequate. This increase in the thymic production will be possible only with very low VL that avoids the inhibitory effect of HIV on thymus. The new highly active antiretroviral therapies may allow the decrease of VL to undetectable levels, leading to a more pronounced effect. New studies will be necessary to elucidate this fact.
We think that what determines a significant increase in TREC is not VL per se, but rather the existence of a low percentage of CD4 ϩ T cells, which requires a recovery of the cell population. A marked decrease in VL, even without a This hypothesis fits well with the fact that a significant TREC recovery was only achieved in the three children with lower TREC and percentage of CD4 at the initiation or changes of ART. Moreover, the results in uninfected children, although preliminary, show a decrease in TREC from the second year of life. Taking this into consideration, the steady production of TREC in some HIV-infected children probably reflects a truly higher production than in uninfected children of the same age. To really confirm this, it will be necessary to carry out larger studies in uninfected children at different ages.
The increase in CD4 ϩ T cells in HIV-infected antiretroviral treated adults seems to be due to a redistribution of the T cells from the lymphoid organs or to a periphery expansion of T cells (15, 16) . However, in our group of HIV-infected children, we observed a significant correlation between this increase in CD4
ϩ T cells and higher TREC levels. This indicates that the increases in CD4 ϩ T cells in those children are due mainly to the production of new T cells by the thymus (i.e. naive T cells). If a redistribution or increase in the division rates of peripheral T cells was occurring, it would produce a dilution of the new T cells produced by the thymus, and therefore a dilution of TREC levels.
The highest correlation with TREC levels was observed with percentage of CD4 and not with CD8 ϩ T cells, probably reflecting a selective production by the thymus of the subset depleted by the infection. Moreover, previous studies have indicated that the increase in CD8 ϩ T cells seems to be the consequence of an HIV-induced expansion and not new thymic production (17) .
In conclusion, ours results, although somewhat preliminary, suggest that HIV infection produces an inhibition of the thymus function in children. Studies in larger cohorts will be necessary to confirm this effect at different ages. The decrease in VL as an effect of ART preventing the inhibitory effect of HIV on thymic function makes possible the recovery the CD4 population by a homeostatic mechanism. This indicates that the immune reconstitution in HIV-infected children could be possible and broadens the hope of new therapeutic strategies for adults.
